Summary Drought stress is the principal cause of seedling mortality in pine forests of the southeastern United States and in many other forested regions around the globe. As part of a larger effort to discover loblolly pine genes, this study subjected rooted cuttings of three unrelated pine genotypes to three watering regimens. Expressed sequence tags (ESTs) were obtained from both the 3′ and 5′ ends of 12,918 randomly selected cDNAs generated from root tissues. These ESTs were clustered to identify 6,765 unique transcripts (UniScripts) derived from 6,202 putative unique genes (UniGenes-S). Tentative annotations were assigned on the basis of BLASTX comparisons to the Protein Information Resource Nonredundant Reference (PIR-NREF) database. Expression levels of 42 UniScripts varied with high statistical significance with respect to treatment. Many of them resembled gene products shown to be important for drought tolerance in other species, including dehydrins, endochitinases, cytochrome P450 enzymes, pathogenesis-related proteins and various late-embryogenesis abundant (LEA) gene products. Similarly, expression levels of 110 UniScripts varied with high statistical significance among genotypes, indicating that gene expression patterns in this species are much more dependent on genotype than on treatment. Most of the water stress-induced pine UniScripts that appeared to encode products resembling drought tolerance factors in other species were most highly induced in a single genotype, suggesting that particularly useful adaptive alleles for drought tolerance might exist within the collection of cDNAs characterized from this genotype. Mining and visualizing the complete data set, as well as downloading of both EST and UniScript contig sequences, are possible using MAGIC Gene Discovery at http://fungen.org/genediscovery/.
Introduction
Along with soil chemistry, annual temperature and incident radiation, water availability is one of the principal physical factors limiting primary productivity of terrestrial plants. It has been identified as the single most influential variable for estimating the net primary productivity of terrestrial ecosystems (Churkina et al. 1999) . Although extensive water management systems have enabled modern agriculture to greatly reduce the impact of drought on crop productivity, increasing demands on water resources from a burgeoning human population, coupled with climate-change scenarios that suggest the potential for significantly altered rainfall patterns over arable lands, have magnified the importance of research into plant responses to water stress (Boyer 1982) . These changing environmental conditions are of concern in forestry because of the large impact that drought has on forest health parameters, including seedling recruitment, insect and pathogen attack, and fire susceptibility (Winnett 1998) . Drought stress is the most common cause of pine seedling mortality in both naturally regenerated and planted stands in the USA (Southern Industrial Forestry Research Council Report 1986) . These concerns are driving the search for genes and gene products that can serve as both biomarkers with which to better gauge the severity of water stress that trees experience and as targets for breeding efforts to increase drought tolerance in tree species of commercial importance.
Genomic approaches to dissecting the genetic responses that underpin drought tolerance are providing information that will allow faster progress in this area of plant stress biology (Cushman and Bohnert 2000, Chaves et al. 2003) . Until recently, however, only a handful of drought-responsive genes had been identified in forest trees, particularly conifers (Newton et al. 1991 , Chang et al. 1996a . Recent efforts to study the transcriptome responses of loblolly pine (Pinus taeda L.) to drought stress were limited to using microarrays containing up to 2,173 DNA targets (Heath et al. 2002 , Watkinson et al. 2003 ) based on ESTs from wood-forming tissues that may or may not have represented a good source of drought-responsive genes. To obtain further insight into the conifer response to water stress, we need a much larger collection of genes expressed in drought-stressed trees. One attempt to gather such information has focused on maritime pine (Pinus pinaster Ait.) . In this report, we explore data from single-pass DNA sequencing of the 3′ and 5′ ends of a collection of 12,918 cDNAs from the root tissues of three genotypes of loblolly pine that had been subjected to three water availability regimes. Although still limited in scope when judged against the projected size of the loblolly pine transcriptome, this data set, which is publicly available at http: //fungen.org/Projects/Pine/Pine.htm, enabled us to identify a large number of pine genes that respond to water stress, and to draw conclusions about the impact of both water deficit and genotypic variation on gene expression in this species.
Materials and methods

Plant growth and treatment
Rooted cuttings (ramets) were provided by the Forest Biology Research Cooperative (http://fbrc.ifas.ufl.edu) CCLONES project, which is focused on understanding the genetic mechanisms controlling tree growth, ecophysiology, nutrition, pest resistance and wood quality. The unrelated genotypes used in the study (CCLONES 41201, 41369, and 43693) were developed from full-sib crosses of elite commercial genotypes. The established ramets were planted in plastic pots (10 cm diameter × 36 cm deep) containing 100% acid-washed fine sand, and maintained in natural daylight in a greenhouse in Gainesville, FL. The plants were hand-irrigated to pot capacity every other day for 10 months. They were supplied with a nutrient solution every other week (24,12,12 N,P,K) , providing a nitrogen supply of 2 g l -1 . Ten months after rooting, the ramets were subjected to one of three treatments as part of a drought physiology study. (1) Drought stress treatment (RTDS): water was withheld until mean predawn needle water potential reached -1.75 MPa. Plants reached this water potential within 7 days of withholding water and were visibly wilted at the time of harvest. (2) Drought recovery treatment (RTDR): water was withheld as with the RTDS treatment, but the plants then received water to pot capacity on Day 7. These plants were allowed to recover from the drought stress for two days, after which they were harvested. At harvest, the predawn needle water potential of the RTDR trees was equivalent to that of trees in the control group. (3) Well-watered control (RTWW): ramets were handwatered to pot capacity every other day during the experiment. Mean predawn needle water potential remained at -0.3 MPa ± 0.1. The plants were harvested at the same time as the RTDR plants.
The study was a randomized complete block, split-plot design, with three ramets of each genotype assigned to each of six blocks, and one ramet/genotype/block randomly assigned a different water treatment. Roots from the treated trees were subsequently used to make cDNA libraries. Roots were harvested by cutting ramets at the root:shoot junction, after which the roots were removed from the pots, rinsed quickly in water to remove sand particles, blotted dry, frozen in liquid N 2, and stored at -80 o C.
Isolation of RNA
For RNA isolation, roots were pooled from one, two or three of the six plants of a given genotype that had received a particular treatment, depending on the mass of root tissue harvested. Frozen root samples were pulverized for 3 -5 min in a liquid N 2 freezer mill (Spex Certiprep, Metuchen, NJ). Total RNA was isolated from frozen pine root flour by the method of Chang et al. (1993) , modified as follows. After suspension in extraction buffer, the sample was homogenized for 30 s with a PowerGen Model 125 homogenizer (Fisher Scientific, Pittsburgh, PA) equipped with a 30-mm generator probe. After LiCl precipitation, the sample was resuspended in 800 µl of SSTE buffer (1.0 M NaCl, 0.5% SDS, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0 at 25°C) and extracted with chloroform:isoamyl alcohol (24:1, v/v). The organic phase was back-extracted with an equal volume of SSTE buffer, which was pooled with the extracted SSTE buffer before precipitating with 2× vol of ethanol and 0.1× vol of 3.0 M aqueous sodium acetate (pH 4.8). PolyA+ RNA was isolated from total RNA (1 mg) using Oligo-dT 25 magnetic beads (Dynal, Oslo, Norway) (1 ml) following the manufacturer's instructions. Firstpass polyA+ RNA was pooled and passed over the beads a second time before use as template for cDNA synthesis. PolyA+ RNA from this second purification was precipitated with 2× vol of ethanol and 0.1× vol of 3.0 M aqueous sodium acetate (pH 4.8), washed with 70% (v/v) aqueous ethanol, and resuspended in LoTE buffer (3 mM Tris, 0.2 mM EDTA, pH 7.5 at 25 °C) to a final concentration of about 1 µg l -1 .
Synthesis of cDNA and library construction
The cDNA was synthesized following the protocols contained in a cDNA Synthesis Kit (Stratagene, La Jolla, CA). All libraries were constructed using 5 µg of second-pass polyA+ RNA as input for first-strand cDNA synthesis. The reaction was primed using an oligo-dT primer tailed with the recognition sequence for the XhoI restriction endonuclease. After second-strand synthesis, EcoRI adapters were ligated to the 5′-end of the cDNA. The cDNAs were then double-digested with XhoI and EcoRI. The digested cDNAs were size-fractionated by electrophoresis through 1% agarose gels in 10 mM Tris, 5 mM sodium acetate, 0.5 mM EDTA, pH 7.8 buffer at 25°C. The cDNA ranging in size from 900 bp to > 10 kb was purified from the agarose gel with a QIAquick Gel Extraction Kit (Qiagen Inc., Valencia, CA). The gel-purified cDNA was quantified by UV absorbance and concentrated by precipitation with 2.5× vol of absolute ethanol, 0.5× vol of 7.5 M ammonium acetate, and 5 µl of 5 mg ml -1 glycogen (Roche, Indianapolis, IN). The cDNA was washed twice with 70% (v/v) aqueous ethanol and dissolved in LoTE buffer at a final concentration of 0.25 µg µl -1 . The phagemid vector for library construction, pSL1180 (Brosius 1989) , was digested to completion with EcoRI and XhoI, followed by treatment with calf intestinal alkaline phosphatase (Roche, Indianapolis, IN). Ligation reactions typically contained 0.5 -1.5 µg of cDNA, 50 -100 ng of vector DNA, and 4 units of high-concentration DNA ligase (Invitrogen, Carlsbad, CA) in a 10-µl reaction volume. Reactions were incubated overnight at 16 o C. Fully ligated samples were extracted with phenol:chloroform (24:1, v/v), precipitated as described above, and resuspended in LoTE buffer (10 -15 µl). These concentrated plasmid libraries were used in 1 -3 µl aliquots to transform E. coli DH10B T-1 cells (Invitrogen, Carlsbad, CA) by electroporation in a 2-mm gap cuvette with a Gene Pulser system (BioRad Laboratories, Hercules, CA) set to 2.5 kV, 25 µFD and 200 ohms. Colony forming units (cfu) were determined after plating 5 -25 µl of a 10 -1 dilution of transformed cells on LB plates supplemented with 100 µg ml -1 ampicillin.
Expressed sequence tags
The overwhelming majority of bacterial colonies were picked robotically into freezing medium in 384-well plates with a Mantis (Genomic Solutions, San Carlos, CA), although some were also picked by hand for quality control. Colonies were replicated in duplicate plates at the time of picking. All colonies were stored frozen at -80°C after overnight growth at 37°C in a HiGro shaking incubator (Genomic Solutions). All colonies used for sequencing were grown in six copies: three 384-well plates for archival purposes, two shallow 96-well plates for clone distribution, and one deep-well block for preparation of template DNA. The latter was prepared in the same deep-well blocks in which the bacteria were cultured using an alkaline lysis procedure described by B. A. Roe (University of Oaklahoma; http: //www.genome.ou.edu/proto.html). The ABI BigDye Terminator Cycle Sequence Ready Reaction, Version 2 or 3, was used at 12-or 24-fold dilution, according to Roe et al. (http://www.genome.ou.edu/big_dyes_ plasmid.html). For 384 reactions at 12-fold dilution, a master mix contained 268 µl of BigDye, 56 µl of primer, 532 µl of 400 mM Tris-Cl (pH 9.0 at 22°C), 130 µl of DMSO and 214 µl of water. For 24-fold dilution, BigDye was reduced to 136 µl and water increased to 346 µl. The reverse primer for 5′ sequences was 5′-CAGGAAACAGCTATGACC-3′ (JenRev, 300 pmol µl -1 ). The forward primer for 3′ sequences was 5′-TGTAAAACGACGGCCAGT-3′ (M13-21, 150 pmol µl -1 ). Thermal cycling was done in a GeneAmp 9700 (Applied Biosystems, Foster City, CA) in 384-well format. With a Hydra96 micropipetting system (Matrix Technologies, Hudson, NH), 2 µl of water was added to each well followed by 2 µl of plasmid DNA (about 50 -200 ng µl -1 ) dissolved in water. With a stepper pipette, 3 µl of master mix was added to each well. Thermal cycling continued to saturation (99 cycles of 96°C for 10 s, 50°C for 5 s, 60°C for 4 min) followed by a hold at 4°C. Sequencing products were cleaned by centrifugal filtration through water-equilibrated Sephadex G-50 in 384-well filter plates. Sequence data were obtained with either an ABI3700 or ABI3730xl (Applied Biosystems).
Data processing and clustering of ESTs
A newly designed Oracle database, MAGIC DB, together with associated pipelines and interfaces, were used (CordonnierPratt et al. 2004 ). Information about each 96-well plate of plasmid DNA was entered into the database at the time of template preparation. Plate records for the sequencer were prepared automatically from this information. Chromatogram files were processed with MAGIC-SPP, a newly developed sequence processing pipeline that is an integral part of the MAGIC system (C. Liang et al. unpublished data). MAGIC-SPP uses Phred for calling bases ) and parses base calls and associated Phred quality scores into the database. MAGIC-SPP trims sequences by identifying vector, linker, regions of polyT, and low-quality ends. Only sequences equal to or greater than 100 nt in length after trimming were submitted to GenBank, exported to http://fungen.org/, and used for the analyses presented here.
The EST clusters were assembled with a custom pipeline, MAGIC-Cluster, using a newly developed algorithm, Olympiad, both of which will be described in detail elsewhere (C. Liang et al. unpublished data, F. Sun et al. unpublished data) . To summarize conceptually, Olympiad performs all possible pairwise comparisons of 3′ ESTs twice using an in-house modified version of BLAT (Kent 2002) . One comparison focuses on 3′ UTRs, whereas the other uses complete sequences. With an emphasis on the 3′ UTR comparisons, Olympiad pre-clusters 3′ ESTs into putative unique gene products. These Olympiad-generated clusters are roughly analogous to the UniGene clusters routinely generated by GenBank, but are designated in this report as UniGenes-S so as to make clear that they are not a GenBank product and are generated by different algorithms. (For the purposes of interpreting data from the project website, http://fungen.org/genediscovery/, Unigenes-S should be considered synonymous with SuperScripts, the term used within the database). Because cDNAs are sometimes cloned in the opposite direction from that expected on the basis of sequence homology comparisons, if presumed 5′ ESTs from singleton UniGenes-S are available, they are evaluated by Olympiad and those that cluster with other 3′ ESTs are presumed to have been obtained from reversed cDNA clones. In such cases, it is the 5′ EST that is used for pre-clustering, whereas the 3′ EST from the same clone is ignored.
Following the pre-clustering process, Olympiad focuses on comparison of complete sequences, examining UniGenes-S individually and, where appropriate, separating them into two or more pre-clusters, representing unique transcripts. MAGIC-Cluster then submits the unique transcripts in each pre-cluster to CAP3 for assembly (Huang and Madan 1999) , with the final assemblies termed UniScripts. For the analysis presented here, MAGIC-Cluster subdivided fewer than 10% of the original UniGenes-S into UniScripts; thus, more than 90% of the UniScripts were identical to the UniGenes-S from TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PINE ROOT GENE EXPRESSION UNDER WATER STRESSwhich they were derived. Because meaningful consensus sequences cannot always be obtained for UniGenes-S that yield two or more UniScripts, most of the work reported here was based on UniScripts. Additional information about every UniGene-S, UniScript and individual EST can be viewed and retrieved with MAGIC Gene Discovery at http://fungen.org/ genediscovery/.
Provisional electronic annotations of all ESTs and UniScript consensus sequences were obtained by BLASTX (Altschul et al. 1990 (Altschul et al. , 1997 ) against full-coding-length entries in the Protein Information Resource Nonredundant Reference protein database (PIR-NREF) (Wu et al. 2003) . Output from the best hit for each sequence was parsed into the database. For searches returning expect values (E values) > 10 , annotation entries were left blank. For every other provisional electronic annotation, the E value, BLAST score, match length, percent identity, percent positive, the aligned match itself, and more, are displayed in MAGIC Gene Discovery along with the annotation to permit researchers to make their own judgment concerning significance (see Figure 1 , lower panel).
The BLASTX returns were used to estimate the percentage of clones containing full-coding-length inserts, as well as the percentage of potentially inverted inserts. For each library, BLASTX returns having E values < 10 -13 and having three or fewer High Scoring Sequence Pairs (hsps) were identified. From this subset, the percentage of query 5′ ESTs that either matched the initiating methionine, or contained sufficient 5′ sequence upstream of the match to encode the initiating methionine, was determined. This calculation assumes that a target protein is the same length as that encoded by the query sequence. Although almost certainly not always correct, it is nonetheless a reasonable assumption that targets are as likely to be shorter than the query as they are to be longer, such that on average, the assumption is reasonable. The percentage of inverted clones was estimated from the same subset of 5′ ESTs with BLASTX values of E < 10 -13 . If the reading frame was negative, that observation was taken as evidence that a presumed 5′ EST was, in fact, a 3′ EST. These data can be explored in detail with the "Search Full Length Seqs" of MAGIC Gene Discovery.
R statistic
The R statistic of Stekel et al. (2000) was determined for all UniScripts. Hierarchical clustering was performed using Spotfire Decision Site, v. 7.2. Results shown here were obtained by Unweighted Pair Group Method with Arithmatic Mean (UPGMA) clustering based on Pearson's correlation as the similarity measure and mean value as the ordering function. Data were normalized relative to both the number of 3′ ESTs sampled in a given library and the number of total 3′ ESTs within a UniScript. For each library and each UniScript, an initially normalized value, I ij , was calculated as:
where 12,918 is total number of 3′ ESTs in the analysis, L i is number of 3′ ESTs in the ith library, C ij is number of 3′ ESTs from the ith library in the jth UniScript, and C j is total number of 3′ ESTs in the jth UniScript. Fully normalized values, N ij , were calculated as:
where m is number of cDNA libraries. Hence, the expression level, N ij , among libraries for every UniScript is expressed on a scale of 0 to 1. Average expression across all library subgroups, whether by treatment or genotype, would be 1/3 (0.3333).
The relationship between the R statistic and the likelihood that expression of a given UniScript differed significantly from the null hypothesis of uniform expression across all libraries, was determined following the suggestion of Stekel et al. (2000) . Randomized data sets (1000) based on the experimental data set evaluated in this study were generated. The R statistic for every UniScript was then determined for each of the 1000 randomized data sets to identify the number of false positives as a function of the R value. A believability index was subsequently calculated as: (E -F)/E, where E is the number of UniScripts in the experimental data set with an R value equal to or greater than a specified value and F is the mean number of UniScripts from 1000 randomized data sets identified as false positives. Believability indices for integral R values were determined with respect to treatment and genotype.
Data access
All ESTs from this study have been deposited in GenBank. The complete data set described in this study is available as Supplemental Material from the Tree Physiology website (http://heronpublishing.com/tree/supplementary data/ supplemental.table1.csv). To display the data in correctly aligned columns, Microsoft Excel is required. Mozilla Firefox users must save the file to disk and then open it in Excel. and can be downloaded from http://fungen.org/Projects/ Pine/Pine.htm. This supplement contains each UniScript ID, the total number of 3′ ESTs it contains, the number of 3′ ESTs from each library, its BLASTX target description, E value, PIR-NREF ID, the 3′ EST that represents the UniScript (UniScript anchor), its R statistic by genotype, and its R statistic by treatment. All data presented or used in the analyses are also available from a public version of MAGIC DB and its associated interfaces (Cordonnier-Pratt et al. 2004) at http://fungen. org/Projects/Pine/Pine.htm. Sequences can either be viewed from Java server pages or explored and downloaded as fasta files by a Java GUI (MAGIC Sequence Viewer) implemented with Java Web Start. The Java server pages permit finding a sequence by its GenBank accession ID and contain hyperlinks from sequences back to their GenBank accessions. A second Java GUI (MAGIC Gene Discovery) permits extensive exploration of the EST UniScripts described here (Figure 1 ). This Figure 1 . Screen shots illustrating use of the Search Subgroup page of MAGIC Gene Discovery at http://fungen.org/genediscovery/ (select cluster run PINE MILESTONE V1.0) to find UniScripts induced by water deficit. When the Gene Discovery window opens (upper panel), select the "Search Subgroup" tab, and select Cluster Group 208 and Subgroup Run Id 16 from the respective list boxes. Select the drought stress treatment (RTDS) subgroup to search only water deficit-induced sequences. To constrain the search to sequences seen only (100%) under water stress conditions at least five times, in the "Subgroup Ratio" box select ">=" and enter "1.0" and in the "Seqs in UniScript" box enter "5". Clicking the "Search" button initiates an SQL query that returns from the Oracle database a total of 22 UniScripts meeting these criteria. Table columns may be sorted by clicking on column headers, and the depicted table was sorted according to the number of sequences in each UniScript ("Total Seq" column) . By selecting individual UniScripts (UniScript 2_3811 in this example), buttons along the bottom provide access to tools for more detailed exploration of the UniScripts. The bottom panel shows the view returned after clicking on the "Annotate the UniScript" button, revealing that this UniScript most closely matches a PR-4 (pathogenesis-related-4) type protein from Vitis vinifera. Selecting any match in the table reveals the corresponding BLAST alignment in the lower part of this window. Selected data, highlighted, can be moved into a new table using the "Sub Table" button. This process is indefinitely iterative, allowing repetitive SQL queries of the database until the desired subset of data is obtained. Data in these tables can be transferred to external applications, such as Microsoft Excel.
program permits query of the database to identify UniScripts meeting predetermined criteria ("Search UniScript" page), and displays, among other things, all provisional electronic annotations and identifies full coding length clones ("Search Full Length Seqs" page). Individual UniScript assemblies can be viewed at three levels of resolution through the "UniScript Alignment" function (Figure 1 ), permitting rigorous evaluation of their quality and providing visual identification of SNPs. Instructions for use of these interfaces, as well as a local BLAST function, are available at http://fungen.org/Instructions/Instructions.htm.
Results
Library and sequencing quality
Clonal rooted cuttings representing three unrelated loblolly pine genotypes were subjected to RTDS, RTDR or RTWW treatments. Roots from these trees, segregated by treatment and genotype, were used to prepare nine non-normalized cDNA libraries. Single-pass DNA sequencing was performed on the 3′ ends of 17,856 randomly selected cDNAs. The 12,918 trimmed sequences that passed quality control were submitted to dbEST at GenBank. About 4200 submitted ESTs were obtained per treatment. Within each treatment, 1250-1700 ESTs were obtained for each genotype. The mean sequencing success rate for individual libraries ranged from a low of 62% for RTWW1 to a high of 82% for RTDS1, with a mean of 73% for all libraries. The lower yields were obtained with libraries in which a high proportion of inserts had long polyA regions. The mean length for all trimmed and submitted sequences was 555 nucleotides.
Single-pass DNA sequences obtained for the 5′ end of each clone, combined with the 3′ ESTs, were used for BLASTX against the PIR-NREF database, as described below. An average of 44% of the inserts in these cDNA libraries were estimated to be full coding length. All libraries were constructed by directional cloning procedures. Inserts were thus anticipated to be in the expected orientation. Inserts in reversed orientation as predicted from the BLASTX results, however, were seen at an average frequency of 9.6% for all nine libraries, with per library frequencies ranging from 7.1 (RTWW1) to 12.6% (RTDR3).
Clustering of ESTs
The ESTs were clustered with Olympiad. From the nine libraries reported here, 6,202 UniGenes-S, which are putative UniGenes, were obtained. From these UniGenes-S, 6765 UniScripts were obtained. The latter are unique transcripts that presumably represent alternative splicing events and other sources of transcript variation, including potential cloning artifacts. Both UniGenes-S and the UniScripts derived from them often contain only a single EST; hence, the numbers used here include singletons, as well as clusters of two or more members. In addition, Olympiad presumes that apparently inverted cDNA inserts are cloning artifacts and, thus, sometimes includes in a UniScript what was anticipated to have been a 5′ EST. The database, however, tracks every such event, permitting eventual reevaluation of the clusters.
The overall gene discovery rate, calculated as the number of UniGenes-S divided by the number of cDNA clones for which useful sequence was obtained, was 48% for these nine libraries, indicating that substantial transcriptional complexity remains to be sampled in this set of nine libraries. It is predicted that if these libraries were sequenced to infinite depth, then a total of more than 17,000 UniGenes-S would be identified. The number of UniScripts plotted as a function of the total number of ESTs per UniScript is shown in Figure 2 . Of 6,765 UniScripts, 4,759 are singletons. About 1000 UniScripts contained two ESTs. As would be predicted, the number of UniScripts containing higher numbers of ESTs decreased as the number of ESTs per UniScript increased. A list all of the UniScripts identified in this study, as well as quantitative data for their expression in each library, are available for download (http://fungen.org/Projects/Pine/Pine.htm). Figure 1 illustrates some of the detail available at http:// fungen.org/genediscovery/ for all UniScripts.
Gene identification
The EST database was populated with matches returning low E values from BLASTX searches of all pine ESTs against the PIR-NREF (Altschul et al. 1990 (Altschul et al. , 1997 . The lower panel of Figure 1 reveals some of the information provided at fungen. org. Matches against UniScript consensus sequences were examined for clues to pine gene identification and possible product function.
Matches having E values below 10 -13 for target polypeptide lengths of at least 30 amino acids were considered sufficient for preliminary identification of UniScript function. By these criteria, preliminary protein identities could be assigned to 6,859 sequences, or 53% of all 3′ ESTs considered in this study. The database annotation fields are populated with many BLASTX results having E values > 10 -13 , however, so researchers utilizing annotations from the database must take care to scrutinize entries for likely validity. It is partly for this reason that a wealth of information returned from BLASTX, including actual alignments, are provided by MAGIC Gene Discovery to explore this data set.
Patterns of gene expression inferred from EST abundance across all libraries, as well as among treatments and genotypes, were examined in an effort to identify pine gene products likely involved in general root metabolism, as well as in physiological responses to water stress. Annotation data from PIR-NREF for the UniScripts containing = 20 ESTs across all treatments and genotypes are shown in um-binding protein, and the embryonic abundant protein (EMB32). These proteins belong to multigene families whose members are often expressed in many tissue types in a wide variety of plant species. Consequently, it was to be expected that among the 50 UniScripts containing the greatest numbers of ESTs were several encoding additional polyubiquitins and calcium-binding proteins, as well as multiple chalcone synthases and cysteine proteinases (data not shown). Other UniScripts that were abundantly expressed in pine root tissues included ones encoding putative ascorbate peroxidase, elongation factor EF-1-alpha, cysteine proteinase, SAM synthetase and pathogenesis-related protein 3. The E values for the best matches to six of the UniScripts fell below our minimum criterion for tentative annotation. If the six UniScripts in Table 1 for which no reasonable matches were obtained are not considered, then the minimum values for overall amino acid identity and similarity between the remaining UniScript consensus sequences and the PIR-NREF target sequences were 65 and 70%, respectively. Recognizing that many of the gene products listed in Table 1 are often transcribed simultaneously from multiple members of multigene families (see for example Galau and Close 1992 , Callis et al. 1995 , McClung 1997 , Pih et al. 1999 , Rozwadowski et al. 1999 , Romano et al. 2004 ), text searches of the preliminary annotations were used to compile and sum EST counts for particular gene products to see what functionalities might be of greatest overall importance for general metabolism in pine roots. Starting with the annotations in Table 1 , other UniScripts and UniGenes-S having the same annotated function were identified. The 10 functional groupings containing the highest number of combined ESTs are listed in Table 2 . Although there are some strong similarities between Tables 1 and 2 (e.g., ubiquitin, calcium-binding protein and Mip1 porin all remain highly ranked), Table 2 serves to highlight other gene families, such as chalcone synthase (Ryder et al. 1987) , cysteine proteinase (Gruden et al. 1997 ) and cytochrome P450 (Bolwell et al. 1994) , that appear to be of general importance in pine root physiology, but are represented by many different UniScripts (unique transcripts) and multiple UniGenes-S (genes).
Differential expression of UniScripts
The use of clonal cuttings of three loblolly pine genotypes enabled reliable comparisons within genotypes of gene expression patterns across treatments. Although 12,918 cDNAs provide a small data set for an organism having the transcriptional complexity of loblolly pine, the distribution of ESTs across UniScripts was assessed relative to experimental treatment, as well as to genotype, in an effort to identify adaptive genes. The statistical approach of Stekel et al. (2000) was used to determine the likelihood that sampling error contributed to any variations detected in expression pattern for a particular UniScript. Figure 3 shows, following hierarchical clustering, an annotated heat map of the 42 UniScripts whose variation in expression among treatments had the greatest statistical significance (R > 5.62; believability > 95%). Twenty-four of these UniScripts were most abundant in the RTDS libraries, and were, therefore, most likely transcribed from genes that were responsive to water deficit. Tentative annotations for the UniScripts induced by water deficit indicated that multiple chitinase and LP3 proteins were being produced, suggesting involvement of these gene products in the loblolly pine drought response. Compared with the 24 UniScripts expressed specifically or preferentially under RTDS treatments, only onefourth as many were expressed preferentially under RTWW treatments, and about one-half as many under RTDR treatments. Notable among the UniScripts that were up-regulated under drought recovery conditions were two (2_4368 and 2_5353) encoding integral membrane proteins, both of which are in the family of water transport channels (aquaporins). Seven of the 42 significantly induced UniScripts were identified only under drought recovery conditions, suggesting them as candidate "recovery genes." Of these seven, only two are annotated in a meaningful, albeit vague, manner, one as producing a tonoplast intrinsic protein and the other a proline-rich protein. That the remaining five do not match familiar, well-8 LORENZ ET AL.
TREE PHYSIOLOGY VOLUME 26, 2006 characterized gene products may reflect the fact that relatively few efforts have been made to characterize genes involved in recovery from drought. When UniScript expression was analyzed by genotype, we found variation appeared to be more dependent on genotype than on treatment. Thus, Figure 4 shows a clustered heat map of the 110 UniScripts whose variation in expression with genotype had the same statistical significance as the UniScripts shown in Figure 3 (R > 4.88; believability > 95%). Altogether, one-half (28+15+13) of the 110 UniScripts were detected in only a single genotype. Although it is possible that some genotype-specific UniScripts represent allelic variants that have diverged sufficiently that they cluster uniquely, there was no evidence of this for the 150 UniScripts showing the greatest differential expression. In addition to numerous examples of UniScripts whose expression was more or less constrained to a particular genotype, there were several instances where expression was shared among two of the genotypes. It is clear, however, that genotype-specific or preferential expression was more frequent for Genotype 41201 than for the other two genotypes combined, with one-fourth (28) of the UniScripts in this analysis detected only in Genotype 41201.
Many of the UniScripts noted in Figure 3 as having strongly enhanced expression under water-stress conditions were noted in Figure 4 as being most highly expressed in Genotype 41201, suggesting that this genotype had the greatest response to water deficit. This pattern was easier to see when the data were filtered for genotype and treatment effects of high statistical significance (> 95% believability) ( Figure 5 ). In all but two cases (2_5197, 2_2277), UniScripts that were induced by water deficit were most strongly induced in Genotype 41201 (Table 3). Annotations for seven of the twelve UniScripts that showed significant differential expression in the RTDS libraries are for classes of proteins, such as LP3, EMB32 and endochitinases, that have previously been linked to drought tolerance in loblolly pine or other plant species. The BLASTX E values for the annotations of four other UniScripts (2_318, 2_925, 2_1418, 2_1885) that showed significant differential expression in the RTDS libraries were too high for the annotations to be considered credible. Consequently, these UniScripts represent potentially novel targets for studies of drought responses in pine.
Discussion
The loblolly pine root EST database
As part of an effort to expand our understanding of the loblolly pine transcriptome, particularly the response of belowground root tissues to varied conditions of environmental stress, we have characterized the 3′ and 5′ ESTs from 12,918 clones randomly selected from nine cDNA libraries representing three pine genotypes each subjected to three water stress conditions. Analyses of the EST sequences showed that about 44% were likely to represent full-coding-length cDNA inserts, indicating that the libraries were of high quality. It is unclear whether the percentage of inversely oriented inserts was a reflection of library construction protocols or pine biology. Misoriented inserts in directional libraries have been noted in previous studies. Although they have often been ascribed to cloning artifacts, a growing body of evidence suggests that many inversely oriented cDNAs are the product of naturally occurring TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PINE ROOT GENE EXPRESSION UNDER WATER STRESS 9 . From left to right, are the UniScript identification number (ID), the total number of times that transcript was seen in all nine cDNA libraries (No.), annotation returned from Protein Information Resource Nonredundant Reference database for the best match in a BLASTX search (PIR-NREF Target), the expect value for that match (Expect), the PIR-NREF identification number (PIR-NREF ID), and the R statistic for each UniScript. Just over one-fourth of these 110 UniScripts are effectively unannotated, either with an E value >10 -5 , or annotated as "hypothetical."
antisense mRNAs (Terryn and Rouze 2000 , Shendure and Church 2002 , Lavorgna et al. 2004 , Osato et al. 2004 ). MAGIC-DB tracks the sequences that are reversed for clustering, and preliminary analyses suggest that the reversed pine sequences were not randomly distributed across UniScripts or libraries (data not shown), making it less likely that they represent cloning artifacts. Although it remains to be determined if the inversely oriented cDNAs represent naturally occurring antisense transcripts in creating cDNA microarrays for studies of the pine transcriptome, inclusion of inverted sequences in any given cluster will not alter the design of the microarrays because every spot on the array will contain both sense and antisense DNA sequences. Redundancy in this data set was reduced through assembly and clustering of 3′ ESTs to identify 6202 UniGenes-S that may represent the products of independent genes. However, although the clustering algorithm we used emphasizes 3′ UTRs, it is possible that genes that diverged only recently or that show substantial sequence convergence at their 3′ ends might not be differentiated, even at the level of UniGenes-S. UniGenes-S were further subdivided into 6,765 UniScripts, with the difference between numbers (563) considered a rough upper estimate of the number of alternatively spliced transcripts found in this study. The UniScripts produced by Olympiad are most analogous to the tentative consensus sequence contigs that can be generated using TGICL (Pertea et al. 2003) . They do not, however, reflect the difficulty of overestimating the number of different genes or transcripts typically encountered when attempting to cluster de novo 5′ ESTs, not all of which will overlap and hence cluster separately, even when they are products of the same gene .
Analysis of the BLASTX results used to populate the pine EST database showed that tentative annotations meeting our minimal criteria for acceptance (E value < 10 -13 , over 30 amino acids) were found for 3206 (52%) UniGenes-S and 3497 (52%) UniScripts. Text searches of the tentative annotation list indicated that several of the genes most highly expressed in pine roots are members of large, complex gene families. Pine gene families have previously been described as complex, based primarily on results from Southern blotting experiments (Kinlaw and Neale 1997) . This contention was reaffirmed by our EST data, which covered only genes expressed in roots, Table 3 for which the variation in expression with treatment and genotype had a believability of > 95%. Two UniScripts having elevated expression under either conditions of water deficit (2_4675) or drought recovery (2_4368) are indicated by arrowheads (left panels), but in each case the UniScripts have elevated expression in Genotype 41201 (right panels). The lower panels display the normalized distribution of the 19 UniScripts among the well-watered control (RTWW and WW), drought stress treatment (RTDS and DS) and drought recovery treatment (RTDR and DR) libraries and among the three genotypes (1 = 41,201, 2 = 41,369, 3 = 43,693) . Boldface and non-boldface numbers indicate the total number of UniScripts in each group and the number of UniScripts represented by a single line, respectively.
TREE PHYSIOLOGY VOLUME 26, 2006 Table 3 where UniGenes-S (putative genes) for chalcone synthase, polyubiquitin, and cytochrome P450 numbered 20, 18, and 39, respectively. For comparison, text searches of the model gene database at TAIR (www.arabidopsis.org) for products having the same functional annotations yielded 1, 5, and 7 returns, respectively; however, Arabidopsis thaliana is unusual in having only a single chalcone synthase gene (Martin 1993 , Durbin et al. 2000 .
Variations in pine gene expression
Given the modest size of the EST data set analyzed in this study, it was important to implement a statistical procedure that would provide a degree of confidence in judging whether apparent differences in gene expression patterns could be considered real. Following Stekel et al. (2000) , an R statistic, representing the likelihood that a particular expression pattern resulted from heterogeneity in the cDNA libraries rather than from variability arising from random sampling, was generated for each UniScript across both genotype and experimental treatment. We found that gene expression patterns varied more among genotypes than among experimental treatments (Figures 3 and 4) . This is not unexpected given the numerous examples of extreme variation in gene expression patterns among individuals in natural populations (Wray et al. 2003) , but it underscores the need to consider genotypic variability in gene expression studies of pine. It is also important to recall that the data presented in Figures 3 and 4 were identified by an arbitrary cutoff for statistical significance (> 95% believability). The full data set contained many other UniScripts that appeared responsive to water deficit, but were not seen with sufficient frequency to reach this level of statistical significance. Nonetheless, we identified several genes responsive to water stress, which are therefore good candidates for adaptive genes that might provide useful targets for breeding or engineering drought-resistant lines of loblolly pine. Several of the water-stress-responsive UniScripts identified in Figure 3 correspond to a series of cDNAs previously cloned from water-stressed roots of loblolly pine seedlings (Chang et al. 1996a ). These include S-adenosylmethionine synthetase (UniScript 2_1), which corresponds to lp2 (see also Mayne et al. 1996) , copper-binding-like protein (UniScript 2_5238), which corresponds to lp4, and water-inducible protein LP3 (UniScripts 2_1439, 2_4675, and 2_1440), which corresponds to the lp3 family (Padmanabhan et al. 1997) . Transcripts related to lp3 have also been reported in water-stressed maritime pine roots . A more distant relative of lp3 appears to be important for desiccation tolerance in lily pollen (Wang et al. 2000) , where cytoplasmic localization and strongly hydrophilic structure were taken to suggest a functional similarity to the dehydrins (Allagulova et al. 2003) . Chang et al. (1996b) also characterized a cDNA (lp6) encoding a chitinase homolog lacking chitin-binding sites whose expression was repressed during water stress. UniScript 2_1837, which corresponds to lp6, showed a similar expression pattern in our study, with ESTs found only in well-watered control libraries. The observation could not, however, be classified as statistically significant because only three clones from this gene were identified.
The multiple chitinase UniScripts identified in this study, with their opposing patterns of expression and varied nomenclature, present a confusing picture, but raise some interesting possibilities. First, among the UniScripts most highly induced by water stress, PR-4 (pathogenesis-related 4) proteins and Class IV endochitinases, represented by UniScripts 2_3811 and 2_3931, respectively, belong to the same general group of chitinases (van Loon and van Strien 1999). The induction of chitinase genes during drought has been seen previously in several species (see for example Yu et al. 1998 , Hong and Huang 2002 , Thaler and Bostock 2004 , where it has been interpreted primarily as part of a defense response against fungi that might invade drought-weakened plants. However, recent studies of freeze tolerance in cereals and other plants suggest that low temperatures stimulate many plants to produce protective antifreeze proteins (AFPs) that bind to the surfaces of ice crystals and prevent their growth (Wathen et al. 2004 ). Many of the AFPs found in animals are derived from carbohydrate-binding lectin proteins.
Although not yet shown for any plant AFPs, the animal proteins interact with ice crystal surfaces through the same hydrogen bonding domains used in protein-carbohydrate interactions (Ewart et al. 1999 ). Among the AFPs, which accumulate in the apoplastic spaces of leaves, are several previously characterized as chitinases, glucanases, and thaumatin-like proteins (Yeh et al. 2000, Atici and Nalbantoglu 2003) . Some AFPs, including those resembling chitinases, are identical to the PR-proteins induced by drought stress (Hon et al. 1995, Yu and Griffith 2001) . Perhaps the same hydrophilic surfaces that mediate ice crystal binding in chitinase AFPs serve to hold water and help maintain the hydration state of cellular structures adjacent to the apoplasm when these proteins are induced in response to drought stress.
The overlap in plant responses to freezing and water stress occurs at multiple levels. Cellular dehydration, which can severely disrupt the structure of lipid bilayers, is thought to be a major source of freeze damage. Plants often respond to low temperatures by producing a variety of hydrophilic late-embryogenesis abundant (LEA) proteins (Fowler and Thomashow 2002) . The LEA proteins were first associated with seed maturation (Galau et al. 1986) . By virtue of their extreme stability and hydrophilicity, LEA proteins have been proposed to stabilize membranes and prevent crystallization of cellular components (Dure et al. 1989 , Garay-Arroyo et al. 2000 . Recent molecular modeling exercises have suggested that some Class 3 LEA proteins could undergo a dehydration-dependent conformational change enabling them to strengthen a cytoskeletal network under stress from plasmolysis during desiccation (Wise and Tunnacliffe 2004) . The loblolly pine UniScript most strongly affected by drought, 2_655 (Table 3) , is related to a group of Class 3 LEA genes (EMB32, EMB28 and EMB11) first identified in developing embryos of white spruce (Dong and Dunstan 1996) . With the goal of developing more drought-resistant pines, enhancing expression of this gene might be worthwhile because a similar gene from barley TREE PHYSIOLOGY ONLINE at http://heronpublishing.com significantly improved the drought tolerance of transgenic wheat and rice (Sivamani et al. 2000 , Rohila et al. 2002 .
Abscisic acid (ABA), whose synthesis is greatly stimulated in dehydrated root (and leaf) cells, may be the primary signaling agent controlling root and shoot growth in soils with low water potential (Munns and Sharp 1993) . Consequently, it would be expected that many of the genes found in this study that are induced in response to water deficits would also respond to ABA. Although not directly tested in this study, Padmanabhan et al. (1997) demonstrated that the loblolly pine lp3 gene family responds to ABA exposure, and the white spruce EMB genes also respond to ABA. One of the most responsive UniScripts shown in Table 3 is annotated as an "ABA-responsive protein homolog" from A. thaliana. The consensus sequence for this pine UniScript (2_1964) is a strong match (E value = 2 × 10 -41 ) for the original ABA-responsive protein for which the A. thaliana homolog was named. The original was cloned as an ABA-binding protein from an ABA-treated barley aleurone layer cDNA library (Liu et al. 1999) . Like the barley gene product, the pine sequence contains a GRAM domain, which has been proposed as a protein-or lipid-binding signaling domain that functions in membrane-associated processes (Doerks et al. 2000) . Such interactions resemble the functions proposed for the ABA-induced LEA gene products.
Drought-tolerance as a function of genotype
Many of the gene products in Figure 3 that were shown to be induced by water deficit were most strikingly up-regulated in Genotype 41201 ( Figure 5 , Table 3 ), leading to the prediction that not only was this genetic line distinct from the other two, but on the basis of its enhanced expression of several classes of genes known to ameliorate water stress in other plant species, it was expected to be more tolerant of drought. Physiological data to test this hypothesis are currently being analyzed; however, a review of the parental lineages for the three genotypes utilized in our study identified a major difference between Genotype 41201 and the other two genotypes. Genotypes 41369 and 43693 were derived from separate crosses of four parent trees from Atlantic Coastal Plain provenances of loblolly pine, whereas the parental trees for Genotype 41201 were both from Florida provenances (J.M. Davis, School of Forest Resources and Conservation, University of Florida, personal communication). Previous studies have demonstrated distinct differences in the growth characteristics of progeny resulting from similar crosses of these distinct provenances (Sierra-Lucero et al. 2002) . Considering the specific soil and climatic conditions of the provenances from which these trees were taken, it could be assumed that uniquely adaptive alleles for drought tolerance would be found in the Florida provenance trees, and the genes identified herein as induced by water stress represent excellent candidates to examine for the ability to confer enhanced drought tolerance on progeny.
Concluding remarks
This analysis marks the first report from our ongoing efforts to increase publicly available resources for loblolly pine functional genomics. At this writing, the ESTs available through our website (http://fungen.org/Projects/Pine/Pine.htm) and GenBank number over 200,000, representing a broad array of physical, chemical, nutritional and biological stresses. The examples described in this paper were selected to highlight how this information can be mined to identify new subjects for study, as well as new targets for tree improvement.
